We selectively amplified the spacer regions of genes for mouse 5s ribosomal RNA (rRNA), which are tandemly repeated, by the PCR method, using primers specific to the two ends of the coding region for 5s rRNA. Fragments of -1.6 kb were amplified from DNA from the BALB/cCrSlc mouse (Mus musculus domesticus), the SM/J mouse (M. m. domesticus), the MOA mouse (M. m. musculus) and the SEG mouse (M. spretus). These fragments were cloned into an appropriate plasmid vector, and two clones representative of each of the four strains were sequenced. The sequences were GC rich (>60%) and contained a high proportion of very simple repetitive motifs, such as (TG)n and (ATCC),, which accounted for the intra-and intergenomic length heterogeneity. Excluding such polymorphic regions and neglecting small insertions or deletions, we estimated the sequence divergence between clones. Sequence divergence within a genome averaged 0.26%, and the divergence between individuals of the same subspecies, between subspecies, and between species was 0.44%, 0.62%, and 1.73%, respectively. The results indicate that the spacer region evolved rapidly but with a reduction in heterogeneity within each genome, as a result of certain, as yet unidentified, homogenization mechanisms.
Introduction
Phylogenetic analysis of related species can be undertaken in various ways and with various DNA markers. However, for recently separated species and, therefore, closely related species, "gene trees" do not always reflect "species trees," because of intraspecies heterogeneity, part of which may have arisen before the differentiation of individual species (see Nei 1987, pp. 276-290) . Therefore, it is important to compare many phylogenetic trees, generated from a variety of markers, when one is attempting to deduce true genetic relationships among closely related species. Furthermore, it is advantageous to use rapidly evolving genes that exhibit diminishing levels of intraspecies heterogeneity that are due to as yet unidentified homogenization mechanisms.
Multigene families that are evolving concertedly (see Ohta 1980, pp. 10-13; Dover, 1982; Nei 1987, pp. 128-134) , such as the 18s and 28s ribosomal DNA (rDNA) families, seem to be good candidates for phylogenetic markers, since individual genes are almost identical within each family. In fact, variations in the sequences (Gonzalez et al. 1990 ) and in the restriction sites (Suzuki et al. 1990 ) of the spacer regions of 18s and 28s rDNAs have been used for phylogenetic analysis of mammalian species. It seems that the spacer region of the gene for 5s RNA also might be a good candidate.
In mammals, there are two types of gene for 5s RNA. True genes-namely, 5s rDNAs with GC-rich spacers -are thought to be clustered in certain regions of chromosomes, as head-to-tail tandem repeats (Hart and Folk 1982; Little and Braaten 1989; Sorensen et al. 1990 ). Members of another group of 5s rDNAs, classified as variant genes or pseudogenes, are AT rich. These rDNAs are scattered throughout the entire genome and show considerable sequence divergence when compared with the true genes (Stambrook 1976; Hart and Folk 1982; Little and Braaten 1989; Leah et al. 1990 ). The true genes must be evolving concertedly and must be maintaining their homogeneity within each reproductive population (Arnheim 1983) , and, hence, the spacer region may provide a useful new phylogenetic marker. However, little is known about the exact features of the spacers of 5s rDNA at present. In fact, it is only in mice that variant 5s rDNAs have been cloned and sequenced (Emerson and Roeder 1984; Leah et al. 1990) .
In this study we selectively amplified the spacer regions of true genes for 5s rRNA by the polymerase chain reaction (PCR) method (Saiki et al. 1988) , using primers that hybridized to each end of the coding region for 5s rRNA. Here we have analyzed the sequences from four mouse strains-BALB/c (A&s musculus domesticus), SM/J (M. m. domesticus), MOA (M. m. musculus), and SEG (A4. spretus). The timing of the separation of the two subspecies of M. musculus and of the two species has been well examined with various markers and is thought to be 0.4-1 Mya and l-4 Mya, respectively (e.g., see Yonekawa et al. 1982; Ferris et al. 1983; Bonhomme et al. 1984; She et al. 1990; Hammer and Silver 1993) . Analyzing the sequences of several clones, which included the spacer regions from the same individuals, from different strains, from different subspecies, and from different species of mice, we found that base substitutions have been homogenized within a given genome and have accumulated with time. Our data suggest that the 5s spacer sequence is a useful marker for analysis of closely related species.
Material and Methods

Animals
The mouse strains BALB/cCrSlc and DBA/2CrSlc were purchased from Shizuoka Laboratory Animal Center (Shizuoka, Japan), and SM/J and MOA mice were obtained from Hamamatsu University School of Medicine. The MOA strain is derived from the Japanese wild mouse, "Mus musculus molossinus," and has been inbred for >64 generations (Nishimura et al. 1973) . The strains BALB/c, SM/J, and DBA/2 have been classified as M. m. domesticus, while MOA has been classified as M. m. musculus, on the basis of restriction-fragmentlength polymorphisms of mitochondrial DNA (Yonekawa et al. 1982) and of 18s and 28s rDNAs (Suzuki et al. 1986 ). The mouse strain SEG (M. spretus) and other wild mice used here were maintained by KM. at the National Institute of Genetics. Rats of the SD strain were a gift from Dr. H. Nogami (Jikei University School of Medicine).
Extraction of DNA, PCR, and DNA Sequencing
High-molecular-weight DNA was prepared by the methods described by Maniatis et al. (1982) . Each 5s spacer was amplified by PCR (Saiki et al. 1988) , performed with 0. l-l .O pg of total genomic DNA, Taq DNA polymerase (Cetus), and an automated thermal cycler (Zymoreactor; ATTO, Japan). Primers 5SU 1 (5'-GAGAATTCCTGGGAATACCGGGTGCTGTAGG-3') and 5SD 1 (5'-TCAAGCTTGTTCAGGGTGGT-ATGGCCGTAGA-3') were designed to anneal at the 3' and 5' ends of a true gene for mouse 5s RNA (Williamson and Brownlee 1969). Thermal cycling parameters used were as follows: initial denaturation at 96°C for 2 min, then 30 cycles of denaturation at 96°C for 2 min, annealing at 57°C for 2 min, and extension at 72°C for 2 min. A final extension at 72°C for 10 min was included at the end of the amplification. Subcloning of the amplified DNAs were performed by standard techniques (Saiki et al. 1988 ). The amplified DNAs, which were 1.5-l .7 kb in length, were subjected to electrophoresis on a 1.2% agarose gel, cut out of the gel, purified by adsorption to glass beads, and dissolved in TE (10 mM Tris-HCl [pH 7.51, 0.1 mM ethylenediaminetetraacetate). The double-stranded DNAs were cut with EcoRI and Hind111 and were subcloned into pUC119 that had been linearized with EcoRI and HindIII. Recombinant plasmids were selected, and the inserts were sequenced either by the standard method with Sequenase (United States Biochemicals [USB]) or by an automated method with a model 373A sequencer and the DyeDeoxy Cycle Sequencing Kit (Applied Biosystems), with 10 synthesized oligonucleotides as sequence primers. Single-and double-stranded template DNAs were prepared as described in the protocol from USB.
Southern Blot Analysis
Southern blotting was performed by standard techniques (Maniatis et al. 1982) , and the details have already been described elsewhere (Suzuki et al. 1990 ). Autoradiography was performed by using an image analyzer (BAS2000; Fuji Film).
The DNA probe that included the 12 1 -bp gene for mouse 5s RNA was prepared by PCR with total genomic DNA from BALB/cCrSlc. The primers for PCR flanked the gene for 5s rRNA, and their sequences were 5'-TGTCGGCGCCGCCCGCCCTC-3' (SSMSUl) and 5'-AGAGACAGAGGGGAGTCCAA-3' (5SMSDl). The amplified DNAs were cloned into the SmaI site of pUC 18. The inserts of three clones were sequenced as described above, with the universal and reverse sequencing primers from USB.
Construction of a Phylogenetic Tree
Eight sequences of the spacer regions of 5s rDNA were aligned, and gaps were introduced into the sequences to maximize similarities. Excluding such gap regions and size-variable microsatellite regions, we selected 1,257 bp (n) for considerations of relative numbers of nucleotide differences (p = n&r, where ?'& is the number of positions at which nucleotides differ between two sequences). The number of nucleotide substitutions per site (d) was estimated from the equation d = -(3/ 4)ln[ l -(4/3)p] (Jukes and Cantor 1969) . From a matrix of nucleotide substitutions, we constructed a phylogenetic tree, using the neighbor-joining method (Saitou and Nei 1987 ) and a program provided by Dr. 0. Gotoh (Saitama Cancer Research Institute, Japan).
Results
The primer set 5SUl and 5SDl (see fig. IA ), specific to the sequences at the two ends of a true gene for mouse 5s RNA (Williamson and Brownlee 1969) , was used in our attempt to amplify spacer regions of 5s rDNA by PCR. As shown in figure lB, fragments of -1.6 kb in length were amplified from DNAs from several individual mice and rats. The amplified fragments in each lane in figure 1B exhibit slight variations in size. However, each prominent band is specific to a particular individual and to a given population. The prominent fragments from BALB/c, SM/J, MOA, and Mus spretus were cloned into pUCl19, and eight clones, designated "5s spacer clones," were completely sequenced: two clones, designated "pSSB1" and "pSSB7," from BALB/c; two clones, designated "p5SSM 1" and "p5SSM3," from SM/ J; two clones designated "pSSM16" and "pSSM18," from MOA; and two clones, designated "p5SS28" and "p5SS29," from M. spretus (fig. 2) . The sequences of the spacer regions in these clones were distinct from those of the variant genes for 5s rRNA of mice (Emerson and Roeder 1984; Leah et al. 1990 ), but they were similar in several respects to those of the true genes for human 5s rRNA (Little and Braaten 1989; Sorensen et al. 1990 ) and for hamster 5s rRNA (Hart and Folk 1982) . In particular, they were GC rich (>60%); they harbored various microsatellites, such as (TG)n and (ATCC),; and they contained a sequence that is highly conserved among mammalian species and is localized -25 bp upstream from the 5' end of each gene for 5s rRNA (marked with asterisks in fig. 2 ; see Little and Braaten 1989) . To ensure that our sequences really corresponded to the spacer regions of true genes for 5s RNA, we attempted to amplify the coding region of 5s rRNA by using a pair of primers (SSMSU 1 and 5SMSDl) that were located on plausible spacer sequences and that flanked the coding region (see fig. 1A ). The amplified DNA from BALB/c was cloned and sequenced. The three clones that we sequenced, designated "5s coding clones," had coding sequences identical to those in the mouse (Williamson and Brownlee 1969) , the hamster (Hart and Folk 1982) , and the human (Little and Braaten 1989) ,. suggesting that our 5s spacer sequences really originated from those of true genes.
Southern blot analysis with DNA from BALB/c, MOA, and A4. spretus supported the above-mentioned conclusion. From computer analysis we anticipated that the restriction enzymes AccI, ApaI, BgZI, and PstI would cut all of the spacer sequences once, with the exception of the M. spretus-derived clones that would be resistant to PstI. We also deduced that sites for cleavage by these enzymes would be absent within the 12 1 -bp sequence that encodes mouse 5s rRNA and that a ScaI site would be localized only in the coding region and not in the spacer region of each of the size clones. Hybridization analysis, with the 5s spacer clone of p5SBl as probe, gave the expected patterns, as shown in figure 3A . Several lanes displayed ladders, with bands at intervals of -1.6 kb, which were due perhaps to partial digestion or differential methylation in different repeats and which clearly indicated that the DNA segments detected were organized as tandem repeats at intervals of -1.6 kb. Southern hybridization with the 5s coding clone (pSSMS1) that mainly included the 12 1-bp gene for mouse 5s RNA gave patterns that were the same as those obtained with the 5s spacer clone (fig. 3B ). These observations indicate that the fragments that we cloned and sequenced were indeed generated from the true genes for mouse 5s rRNA.
Discussion
In mammals, variant genes and pseudogenes for 5s rRNA have been cloned from conventional genomic li- The sequence for Clone pSSB1 from BALB/c is shown, and only the variable nucleotides were shown (just below the sequences with a number of a given clone). The individual numbers of the clones are as follows: 2, clone p5SB7 from BALB/c; 3, clone p5SSMl from SM/J; 4, clone p5SSM3 from SM/J; 5, clone pSSM16 from MOA; 6, clone p5SM 18 from MOA; 7, clone p5SS28 from M. spretus; and 8, clone p5SS29 from M. spretus. Regions in boldface letters, excluding gap regions and size-variable microsatellite regions, were considered in the analysis of sequence divergence. Sequences of the two ends of the gene for mouse 5s rRNA (Williamson and Brownlee 1969) are underlined. The conserved sequence in the 5'-flanking region of 5s rDNA (Little and Braaten 1989 ) is indicated by asterisks. A region of 68-fragment indicated by an arrow is repeated only in clones 5 and 6.
braries (Arnold et al. 1987; Leah et al. 1990 ), but it is by base substitutions and variations in size. With respect known to be difficult to clone true genes from such li-to the variations in size, we noted that clones from MOA braries (Little and Braaten 1989) . In this study, we used were longer than other clones and contained direct re-PCR to clone the genes for 5s rRNA in mice and in peats of a 6%bp fragment from position 158 to position obtained plausible spacer fragments of true genes that 225 ( fig. 2) . Fixation of this tandem duplication into the are clustered as tandem repeats. Results of Southern blot genome of Mus musculus musculus must have occurred analysis with probes for the coding region and for the after divergence of the two subspecies M. m. domesticus spacer region indicated that these fragments did originate and M. m. muscuhs, i.e., within the past 0.4-l Myr from the true genes. Furthermore, chromosomal map- (Yonekawa et al. 1982; Ferris et al. 1983; She et al. 1990 ; ping analysis by in situ hybridization showed that frag-Hammer and Silver 1993). Another prominent variation ments of both the coding and the spacer clones correin size was observed in clones of M. spretus: a fragment sponded to the same chromosomal localizationof -160 bp from position 35 1 to approximately position namely, the E region of mouse chromosome 8 (Matsuda 505, covering two poly-TG tracts, was absent from clones et al. 1994).
S28 and S29. These prominent variations in size have Our sequencing analysis showed that the spacer re-already become fixed in a given genome (see fig. 3 ) and gion exhibits considerable heterogeneity, which is caused in a given population (see fig. 1 ) and provide good evi- (Ferris et al. 1983; Bonhomme et al. 1984; She et al. 1990; Hammer and Silver 1993) . Since genes for 5s RNA are ubiquitous and have been evolving such that their heterogeneity within genomes and within populations is being reduced, they appear to be very good candidates for markers in phylogenetic analyses.
Sequence Availability
The sequences of the eight spacer regions of mouse 5s rDNAs will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases, with the following accession numbers: D 14832-D 14837, D 173 17, and D17318.
